Introduction 48
In many tissues, somatic SCs respond to tissue injury by increasing their 49 proliferative potential and producing new differentiating cell progeny. To 50 maintain homeostasis during such periods of regeneration, cell specification 51 and differentiation need to be precisely coordinated within a dynamic 52
environment. Studies in the mammalian intestine have demonstrated a 53
surprising plasticity in such specification events, showing that even 54 differentiated cells can revert into a stem cell state in conditions in which 55 tissue homeostasis is perturbed 1, 2 . These findings highlight the critical role of 56 gene regulatory networks in establishing and maintaining differentiated and 57 committed cell states in homeostatic conditions. 58
The Drosophila midgut is an excellent model to study lineage differentiation of 59 adult stem cells both in homeostasis as well as during regeneration and 60 aging. The Drosophila midgut is maintained by intestinal stem cell (ISCs), 61 which can generate differentiated enterocytes (EC) or entero-endocrine (EE) 62 cells 3, 4 . Upon injury or infection, ISC proliferation is dramatically increased in 63 response to mitogenic signals from damaged enterocytes [5] [6] [7] . Mis-regulation 64 of cell specification and differentiation in this lineage can lead to significant 65 dysfunction, as evidenced in aging intestines, where disruption of normal N 66 signaling due to elevated Jun-N-terminal Kinase (JNK) signaling leads to an 67 accumulation of mis-differentiated cells that contribute to epithelial dysplasia 68 and barrier dysfunction 8, 9 . 69 70 Notch signaling plays a central role in both ISC proliferation and lineage 71 differentiation. ISCs produce the Notch-ligand Delta and activate Notch in the 72 EB daughter cell. Levels of Delta vary markedly between ISCs in the 73 homeostatic intestine. These differences have been proposed to underlie the 74 decision between EC and EE differentiation in a specific ISC lineage 10 . It has 75 been proposed that higher N activity is associated with differentiation into the 76 EC fate, while lower N activity promotes EE differentiation 10, 11 . Loss of N in 77 ISC lineages leads to the formation of tumors that consist of highly Delta-78 expressing ISCs and of Prospero (Pros)-expressing EEs 10,12,13 . These tumors 79 are likely a consequence of impaired EB differentiation, resulting in an 80 increased frequency of symmetric divisions, as well as of differentiation of a 81 subset of EBs into EE, suggesting that EE differentiation is a default fate in 82 the lineage when N signaling activity is reduced. 83
Interestingly, recent work has shown that lineage specification in ISC 84
daughter cells is likely more complex than a simple model in which EB fates 85 are determined stochastically or by 'lateral-inhibition' -like N-mediated 86 mechanisms. It has been shown that pre-determined ISCs exist that express 87 the EE marker Prospero and generate daughter cells that differentiate into 88 EEs 14, 15 . 89
The exact cell state in which the decision between EE and EC fates is 90 cemented, however, remains unclear. A transient specification step has been 91 identified in EE differentiation, in which cells transiently express Scute, a 92 transcription factor that negatively regulates N responsive genes such as 93 E(Spl)m8, as well as its own expression 16 . Furthermore reporter. In contrast, ISC-specific Delta-lacZ staining was mostly found in 135 small, diploid cells neighboring the GFP-positive cells (Figure 1 B (Figure 1F, arrows) . In contrast, Notch-148 positive EBs (Su(H)GBE-Gal4) only gave rise to ECs, but not EEs ( Figure 1G , 149 arrowheads). Similar to Notch-positive EBs, klu-Gal4-traced cells gave rise 150 exclusively to ECs, but not EEs ( Figure 1H ). We conclude that Klu is 151 specifically expressed in the EC-generating EBs in the Drosophila midgut. 152
153

Klu loss of function leads to excess EE differentiation 154
To determine the role of Klu in the specification and/or differentiation of cells 155 in the ISC lineage, we first inhibited Klu function using RNAi. We used the 156 TARGET-system to express UAS-driven RNAi constructs in specific lineages 157 in a temperature-dependent manner 25 . We used the esg-Gal4 ts driver to 158 express Klu RNAi in ISCs and EBs and the Su(H)GBE-Gal4 ts driver that drives 159 expression in EBs only. In both conditions, knockdown of Klu lead to an 160 increase of EEs in the posterior midgut (Figure 2A-D In addition, we checked the mRNA levels for Klu to verify knockdown and 242 overexpression efficiency. As expected, we see a 70% reduction in mRNA 243 levels upon klu RNAi . Surprisingly, we found that the expression of klu mRNA in 244 UAS-klu-expressing progenitor cells was almost completely abolished 245 compared to control ( Figure 4C ). This was contrary to our expectation of 246 detecting increased expression upon Gal4/UAS-mediated overexpression, but 247 was explained by the fact that the UAS-klu construct does not carry the 248 endogenous klu 3'UTR, which our primers targeted. Accordingly, primers that 249 target the coding region of klu (klu CDS) readily detect a ~12-fold upregulation 250 of klu transcript. Hence, while transgenic Klu was induced as expected, the 251 endogenous Klu gene was repressed, indicating that Klu may repress its own 252
expression. The notion of a negative autoregulatory loop was confirmed in our 253
RNA-seq data, as we saw increased reads in the CDS of the gene, and no 254 reads in the 3' UTR ( Figure S5) . 255
Comparing the transcriptomes of wild-type progenitors with the experimental 256 samples, we found 410 genes significantly upregulated in klu RNAi and 809 257 genes significantly dowregulated in UAS-klu-expressing esg + cells (Padj < 258 0.05, log 2 FC > 0.5 or < -0.5). Given the role of Klu as a repressor of 259 transcription, we focused our RNA-Seq data analysis on genes that would be 260 upregulated in the absence of Klu, but downregulated upon UAS-klu 261 expression in Esg-positive stem-progenitor cells ( Figure 4D ). In this category 262 of 81 genes, many genes involved in the regulation of Notch signaling (the 263 HES/E(Spl)-complex genes m6, m7, m8, and the HES-like transcription factor 264 Deadpan), as well as several previously described regulators of EE 265 differentiation (encoding the proneural proteins Asense (ase), Scute (sc), and 266 the adaptor protein Phyllopod, phyl)) could be identified ( Figure 4E Figure 4F-I) . 296 Taken To identify genes that are directly regulated by Klu, we performed targeted 344
DamID of Klu in esg-positive stem-progenitor cells 40 . In addition to genes involved in Notch signaling and EE-specification, we find 378 evidence for direct repression of critical cell cycle regulators by Klu. We find 379
Klu binding peaks at both the Cyclin B (CycB) and Cyclin E (CycE) loci 380 ( Figure 6C and D) , two Cyclins that are essential for G1-S and G2-M 381 progression respectively. CycE is also upregulated upon klu RNAi expression. 382 Notch activation is essential for the mitotic-to-endocycle switch in follicle cells 383 of the Drosophila ovary, and polyploidization is a critical step in the normal 384 process of EB-to-EC differentiation 43, 44 . We propose that Klu plays a role in 385 remodeling the cell cycle in response to Notch activation by directly 386 repressing 2 critical cell cycle regulators. Furthermore, this explains how Klu 387 acts as a potent suppressor of cell proliferation, even in combination of the 388 strongly oncogenic RasV12 overexpression (Figure 3 and Figure S3) . 389
Altogether, our data suggest a model ( Figure 6G ) in which Klu acts as a Notch 391 effector in the EB that acts to restrict the duration of the Notch transcriptional 392
response (through negative regulation of the E(Spl)-complex members and 393
Klu itself). Second, Klu prevents activation of the Scute-E(Spl)m8 394 transcriptional circuit that triggers EE differentiation. Finally, we find evidence 395 that Klu can bind and repress critical cell cycle regulators such as Cyclin B 396
and Cyclin E, likely promoting the switch from a mitotic to an endoreplicating 397 cell cycle in differentiating ECs. differentiation into a defined lineage. As such, it can be expected that similar 465 transcriptional feedback loops need to be reversed for cells to undergo de-466 differentiation into stem cells in mammalian regenerating tissues. We propose 467 that understanding their makeup and regulation will significantly advance 468 efforts to control tissue repair and regeneration in mammals, including 469
humans. 470
Methods 471
Fly strains and husbandry 472
The following strains were obtained from the Bloomington Stock Center: 473 BL28731 (klu RNAi on 3rd) BL60469 (klu RNAi on 2nd), BL56535 (UAS-474 klu [Hto] ), BL11651 (Dl 
UAS-GFP; UAS-flp, Act>CD2>Gal4(UAS-GFP)/TM6B), esg
Midgut FACS, RNA-isolation and Sequencing 532
Midgut dissociation and FACS was performed as described in 29 .
UAS-533 expression of UAS-klu or klu
RNAi was induced for 2 days, followed by 16 hours 534 of Ecc15 infection to stimulate midgut turnover. We dissected 100 535 midguts/genotype in triplicate and for each sample 20,000-40,000 cells were 536 sorted into RNAse-free 1X PBS with 5 mM EDTA. RNA was isolated using the 537 Arcturus PicoPure™ RNA Isolation Kit. Subsequently, the entire amount of 538 isolated RNA was used as input for RNA-amplification using the Arcturus™ 539
RiboAmp™ HS PLUS Kit. 200 ng of amplified aRNA was used as input for 540
RNA-Seq library preparation using the TruSeq Stranded mRNA Library Prep 541
Kit (Illumina) and samples were subsequently sequenced as 50 bp single-end 542 on an Illumina HiSeq2500. 543 544
Quantitative real-time PCR 545
Quantitative real-time PCR (qRT-PCR) was performed using aRNA from 546 FACS-sorted esg + cell populations (see above) as template. qRT-PCR was 547 performed using the TaqMan FAM-MGB system in a 10 µl reaction on a 548
BioRad CFX384 C1000 Touch Cycler using the following probes: klu 549 (dm02361358 s1), pros (dm02135674 g1), sc (dm01841751 s1) and Act5C 550 (dm02361909 s1) was used for normalization. The klu CDS primer assay was 551 ordered as a Custom TaqMan Assay. Reactions were performed in triplicate 552 on 3 independent biological replicates. Relative expression was quantified 553 using the ∆∆ Ct method. Data were calculated using Microsoft Excel and 554 plotted as relative fold-changes +/-SEM in Graphpad Prism. 555 556
RNA-Seq and DamID data analysis 557
The 15-21 million quality-passed reads per sample were mapped to the D. 558 melanogaster reference genome (BDGP6) with TopHat2 (version 2.1.0) 57 . Of 559 each sample, approximately 80% of the reads was mapped to the genome. 560
From this, 90% could be assigned to genes using FeatureCounts resulting in 561 11-15 million analysis-ready reads per sample 58 . 562
The 
